The proliferation of prostate cancer cells is controlled by the androgen receptor (AR) signaling pathway. However, the function of AR target genes has not been fully elucidated. In previous studies, we have identified global AR binding sites and AR target genes in prostate cancer cells. Here, we focused on Claudin 8 (CLDN8), a protein constituting tight junctions in cell membranes. We found one AR binding site in the promoter region and two functional androgen-responsive elements in the sequence. Reporter assay revealed that transcriptional activation of the CLDN8 promoter by androgen is dependent on these androgen-responsive elements. Furthermore, CLDN8 mRNA is induced by androgen time-dependently and the induction is blocked by AR inhibitor, suggesting that AR is involved in the transcriptional activation. In addition, our functional analyses by overexpression and knockdown of CLDN8 mRNA indicate that CLDN8 promotes prostate cancer cell proliferation and migration. Claudin 8 was overexpressed in prostate cancer clinical samples compared to benign tissues. Furthermore, we found that CLDN8 regulates intracellular signal transduction and stabilizes the cytoskeleton. Taken together, these results indicate that CLDN8 functions as an AR downstream signal to facilitate the progression of prostate cancer. Claudin 8 may be a novel molecular target for prostate cancer therapy.
The proliferation of prostate cancer cells is controlled by the androgen receptor (AR) signaling pathway. However, the function of AR target genes has not been fully elucidated. In previous studies, we have identified global AR binding sites and AR target genes in prostate cancer cells. Here, we focused on Claudin 8 (CLDN8), a protein constituting tight junctions in cell membranes. We found one AR binding site in the promoter region and two functional androgen-responsive elements in the sequence. Reporter assay revealed that transcriptional activation of the CLDN8 promoter by androgen is dependent on these androgen-responsive elements. Furthermore, CLDN8 mRNA is induced by androgen time-dependently and the induction is blocked by AR inhibitor, suggesting that AR is involved in the transcriptional activation. In addition, our functional analyses by overexpression and knockdown of CLDN8 mRNA indicate that CLDN8 promotes prostate cancer cell proliferation and migration. Claudin 8 was overexpressed in prostate cancer clinical samples compared to benign tissues. Furthermore, we found that CLDN8 regulates intracellular signal transduction and stabilizes the cytoskeleton. Taken together, these results indicate that CLDN8 functions as an AR downstream signal to facilitate the progression of prostate cancer. Claudin 8 may be a novel molecular target for prostate cancer therapy.
T he AR is a main driver in the development and progression of prostate cancer. (1) (2) (3) Androgen receptor belongs to the nuclear receptor superfamily and functions as a ligand-dependent transcriptional factor. Following androgen stimulation, AR binds to AREs with co-regulators on the genome and regulates the transcription of its target genes. (4) (5) (6) (7) The majority of primary prostate cancers are androgen-dependent, and therefore androgen deprivation therapy is initially effective for inhibiting the growth of prostate cancer by suppressing AR activity. Although initial hormone therapy is so effective, prostate cancers often obtain resistance to androgen deprivation therapy as CRPC. Establishment of CRPC is associated with enhanced AR signaling, hypersensitivity to androgen, intratumoral steroidogenesis, and AR amplifications, mutations, and splicing variants. (8) (9) (10) (11) (12) (13) (14) (15) (16) Thus, identification of AR downstream signaling events is critical for understanding the progression to CRPC.
Recent analysis using ChIP techniques have shown that the AR-regulated gene network is deeply involved in the prostate cancer progression. Global ChIP analyses combined with DNA microarray (ChIP-chip) or deep sequencing (ChIP-seq) (17) (18) (19) (20) have defined various androgen-regulated genes in the vicinity of ARBSs with histone modifications, as we previously reported. (6, (21) (22) (23) (24) (25) Recent studies have reported that androgen regulates the expression of Cldn8 (26, 27) in prostate of mice. Claudin 8 belongs to the CLDN superfamily, located in the cell membrane and associated with tight junctions of cell adhesion. (28) Claudin 8 is associated with several signaling pathways implicated in the epithelial environment and cell proliferation. (29) Interestingly, previous analyses have reported that CLDN8 is overexpressed in several human cancer cells and in prostate cancer. (30, 31) However, the functions of CLDN8 and its regulatory mechanism by androgen in human prostate cancer cells have not been well elucidated.
In the present study, we reported the regulatory mechanism of an androgen-regulated gene, CLDN8, by AR and its functional role in prostate cancer cells. By global analysis of ARBSs, we found an evident ARBS in the promoter region of CLDN8. We further clarify the oncogenic mechanisms in prostate cancer by CLDN8 overexpression and knockdown. Our study presents the first evidence that CLDN8 is directly regulated by AR and functions to promote prostate cancer cell proliferation and migration.
Materials and Methods
Cell culture and reagents. Human prostate cancer LNCaP and VCaP cells were purchased from the ATCC (Manassas, VA, USA). LNCaP cells were grown in RPMI-1640 supplemented with 10% FBS, 50 U/mL penicillin, and 50 lg/mL streptomycin. VCaP cells were maintained in DMEM supplemented with 10% FBS. Dihydrotestosterone (Wako, Tokyo, Japan) was used for androgen treatment. Before androgen treatment, these cells were cultured in phenol red-free medium containing 5% charcoal-stripped FBS for 72 h. Antiandrogen medicine bicalutamide was purchased from Sigma (St. Louis, MO, USA). Transfection was carried out using XtremeGene HP DNA Transfection Reagent (Roche Applied Science (Basel, Switzerland)), according to the manufacturer's instructions. Small interfering RNA was transfected using RNAi MAX (Invitrogen, Carlsbad, CA, USA). Antibodies used in the present study were anti-Flag (M2; Sigma), anti-CLDN8 (183738; Abcam, Cambridge, UK), anti-Akt (Ser473; 9271), ERK1/2 (9101), total Akt (9272) and total ERK1/2 (9102; all Cell Signaling Technology, Danvers, MA, USA).
Quantitative RT-PCR. Total RNA was extracted using ISO-GEN reagent (Nippon Gene, Toyama, Japan). First-strand cDNA was synthesized using the PrimeScript RT reagent kit (Takara Bio, Kyoto, Japan) according to manufacturer's protocol. The primer sequences for CLDN8 and GAPDH are shown below. The mRNA was quantified by real-time PCR using SYBR Green PCR mix (Applied Biosystems, Framingham, MA, USA) and the ABI Prism 7000 system (Applied Biosystems). The evaluation of relative differences of PCR product amounts among the treatment groups was carried out by the Ct method, using GAPDH as an internal control. The primer sequences of CLDN8 were: forward, 5 0 -TCTGCAGTAGGA-CATAGAAACCCCTAA-3 0 ; and reverse, 5 0 -CGTTTAGG GGTTTCTATGTCCTACTGC-3 0 . Luciferase assay. Luciferase reporter constructs containing the CLDN8 promoter region with ARE and ARE mutation were generated using pGL3 promoter plasmid (Promega, Madison, WI, USA). Cells were plated in 24-well culture plates at a density of 30 000 cells/well in phenol red-free medium containing 5% charcoal-stripped serum. Cells were transfected with plasmids using X-tremeGene HP DNA Transfection Reagent (Roche Applied Science) and, 24 h later, were treated with DHT or vehicle (0.1% ethanol) for 24 h. Luciferase activity was determined by the Dual Luciferase Assay Kit (Promega) according to the manufacturer's instructions. A Renilla luciferase reporter Tk-pRL was co-transfected as a control for evaluating transfection efficiency.
Electrophoresis mobility shift assay. LNCaP cells were incubated with DHT (100 nM) or vehicle in 15-cm dishes for 48 h. Nuclear extracts were collected by Hypotonic Buffer(20 mM HEPES [pH 7.9], 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 0.65% NP-40, and 1 mM DTT) and RIPA buffer (25 mM TrisHCl [pH 7.6], 150 mM NaCl, 1.0% NP-40, 1.0% sodium deoxycholate, and 0.1% SDS). Oligonucleotides were synthesized for ARE (1 and 2) and ARE mutation. The oligonucleotide sequences for CLDN8 ARE and CLDN8 ARE mutations were: CLDN8 ARE1, TCTGCAGTAGGACATAGAAACCCTAAA; CLDN8 ARE1 mutation, TCTGCAGTAGGAAATAGAAA CACTAAA; CLDN8 ARE2, TAAACGCAAGACAATTT GAACTTTCTT; and CLDN8 ARE2 mutation, TAAACGCAAG AAAATTTTAACTTTCTT. Electrophoresis mobility shift assay was carried out using the DIG Gel Shift Kit, 2nd Generation (Roche Applied Science), according to the manufacturer's instructions.
Cell proliferation assay. A total of 3000 cells were seeded in 96-well plates and cultured in RPMI supplemented with 10% FBS. The MTS assay was carried out using cell titer reagent (Promega) according to the manufacturer's instructions. Each time point was undertaken in quadruplicate, and each experiment was carried out at least three times.
Cell migration assay. The cell migration assay was carried out using the Cell Culture Insert with an 8.0-lm pore size PET filter (BD Biosciences, Billerica, MA, USA). Before the assay, the lower surface of the filter was immersed for 30 min in 10 lg/mL fibronectin (Sigma) diluted with PBS. RPMI-1640 medium containing 10% FBS was added to the lower chamber. Subsequently, the same number of cells per well were suspended in RPMI-1640 medium containing 10% FBS and added to the upper chamber. After incubation for 24 h at 37°C in a humid 5% CO 2 atmosphere, the cells on the upper surface of the filter were completely removed by wiping with cotton swabs. The cells on the lower surface of the filter were fixed in methanol for 30 min, washed with PBS, and then incubated with Giemsa solution (Muto Pure Chemicals, Tokyo, Japan) for 30 s. The cells on the lower surface were counted in at least five fields at a magnification of 9200 under a microscope.
Small interfering RNA. We purchased negative control siRNA (Sigma) and siRNAs targeting CLDN8 from Sigma Genosys Japan (Tokyo, Japan). These two siRNA sequences were: siCLDN8 #1, 5 0 -GCCAUCCUUGGCAUGAAAUGCACCA-3 0 ; and siCLDN8 #2, 5
0 -UGGAGAGUGUCGGCCUUCAUU GAAA-3 0 . Cells were transfected with RNA using RNAi MAX (Life Technologies, Waltham, MA, USA) 48-72 h before each experiment.
Immunohistochemistry. Immunohistochemical analysis was carried out using the streptavidin-biotin amplification method using a peroxidase catalyzed signal amplification system (Dako, Santa Clara, CA, USA). Catalyzed signal amplification was carried out according to the manufacturer's instructions. The tissue sections were deparaffinized and pretreated by heating in a microwave oven for antigen retrieval. After blocking the endogenous peroxidase with 0.3% H 2 O 2 , the sections were incubated in 10% BSA for 30 min. Application of the anti-CLDN8 antibody was followed by sequential 60-min incubation. The antigen-antibody complexes were visualized with DAB solution. Immunohistochemical assessment was evaluated for the proportion of positive cells to total cells (score 0, none; score 1, <1/100; score 2, 1/100 to 1/10; score 3, 1/10 to 1/3; score 4, 1/3 to 2/3; and score 5, >2/3) and the staining intensity (score 0, none; score 1, weak; score 2, moderate; score 3, strong) of positively stained cells. The total scores of immunoreactivity (0-8) were obtained as the sum of the proportion of positively stained cells and the stained intensity values. A total score of 7 or more was evaluated as high immunoreactivity, and 6 or less was evaluated low immunoreactivity. We obtained 13 prostate cancer tissue samples, which included benign regions, from biopsies undertaken at Itabashi Hospital, Nihon University (Tokyo, Japan). The study was approved by the ethics committee of Nihon University, and written informed consent was obtained from each patient.
Immunocytochemistry. Twelve-millimeter circular coverslips (Matsunami, Tokyo, Japan) in 24-well plates were used for plating cells. After incubation with 4% paraformaldehyde in PBS for 10 min at room temperature, cells were permeabilized with 0.5% Triton X-100/PBS for 5 min. After cells were washed in PBS, blocking with 5% normal goat serum/PBS was carried out for 30 min. Cells were reacted with rabbit polyclonal anti-CLDN8 antibody and mouse monoclonal anti-Flag M2 antibody (Sigma) in 5% normal goat serum/PBS at 4°C overnight. After washing three times with PBS, cells were reacted with anti-mouse IgG with Alexa Fluor 546 and antirabbit IgG with Alexa Fluor 488 (Thermo Fisher Scientific, Waltham, MA, USA) in goat serum/PBS for 1 h. Cells were washed three times with PBS. Nuclei were counterstained with DAPI. Coverslips were mounted in 10% glycerol. Cells were visualized using an Olympus confocal laser microscope FV10. For phalloidin staining (Acti-stain 488 phalloidin; Cytosleleton, Denver, CO, USA), we treated cells with phalloidin (100 nM) for 30 min according to the manufacturer's protocol. We observed the slide after DAPI staining as described above.
Western blot analysis. Cells were lysed with NP-40 lysis buffer (150 mM NaCl, 1% NP40, and 50 mM Tris-HCl [pH 8.0]) for immunoblotting. Western blot analysis was carried out as described. (20, 23) Statistical analysis. Statistical differences between the results of each group and its corresponding control were evaluated using one-way ANOVA with a Bonferroni post hoc test, Student's t-test, or Wilcoxon's signed rank test. A P-value < 0.05 was considered to be statistically significant. Statistical procedures were undertaken using GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA) or Excel (Microsoft, Redmond, WA, USA).
Results
Androgen-regulated CLDN8 identified by ChIP-seq analysis. We previously screened global AR direct target genes using ChIPseq analysis in two AR-positive prostate cancer cells, LNCaP and VCaP. (32) In the promoter region of the CLDN8 gene, we identified strong AR bindings and the peak point is located approximately 154 bp 5 0 -upstream relative to the TSS of CLDN8 in both cell lines (Fig. 1) . In addition, in the distal enhancer region, several AR binding peaks could be found, suggesting multiple AR binding regions cooperate to regulate CLDN8 gene expression.
Next, to examine whether this AR binding region functions to enhance transcription dependent on AR, we cloned the ARBS genomic region (À2042 to +500 bp relative to TSS) to luciferase vector (pGL3-basic vector) and undertook a reporter assay (Fig. 2a) . By luciferase reporter assay, we observed the transcriptional activation by androgen in the cells transfected with CLDN8-ARBS luciferase vector (Fig. 2b) . These results indicate the transcriptional induction of CLDN8 by AR binding in the promoter region.
Transcription of CLDN8 is activated by two important AREs dependent on AR. We found the genomic fragment of the CLDN8 promoter region contains two ARE-like sequences. Two fragments of CLDN8-ARBS with mutation in the ARE sequences were cloned into pGL3 vector (CLDN8 Mut-Luc #1 and #2) (Fig. 2a) . Luciferase activity was evaluated using LNCaP cells transfected with these reporter vectors in the absence or presence of DHT treatment for 24 h. In the cells transfected with CLDN8-Luc construct, we observed increased transcriptional activity by DHT, whereas in the cells with both CLDN8 Mut-Luc #1 and #2 constructs we could not (Fig. 2c) . To validate whether this ARE-dependent transcriptional activation is related to AR association with the ARE sequence, we undertook EMSA using CLDN8 AREs (ARE#1 and #2) and two CLDN8 ARE mutation oligonucleotides (Mut ARE#1 and #2). In this EMSA with LNCaP cell nuclear lysates, we observed that the CLDN8 ARE sequence (Fig. 2d ) forms a complex with protein in the nuclear lysate androgen-dependently, and this complex formation is inhibited by the competitor (unlabeled) oligonucleotides. Moreover, Mut AREs did not form androgendependent complexes. These results suggest the importance of ARE sequences associating with AR to activate transcription.
CLDN8 mRNA is overexpressed in prostate cancer cells. Next, we investigated the transcriptional regulation of CLDN8 mRNA levels by androgen and expression in prostate cancer tissues. We found that CLDN8 mRNA expression was upregulated by DHT relative to vehicle control time-dependently. These phenomena were inhibited by treatment with anti-androgenic agent, bicalutamide (Fig. 2e) , suggesting this induction is dependent on AR. We then analyzed CLDN8 expression in prostate cancer tissues using the Oncomine database of genome-wide expression profiles of clinical cancer samples (www.oncomine.org) . In 11 analyses, CLDN8 expression was significantly overexpressed in prostate cancer tissues compared with benign tissues. In none of the analyses in this database was underexpression in cancers relative to normal tissues observed (Fig. 3a) . Moreover, we carried out immunohistochemical analyses of prostate cancer specimens using anti-CLDN8 antibody. Claudin 8 was significantly expressed in cancerous tissues compared with normal tissues (P = 0.0039) (Fig. 3b) . These results indicate that CLDN8 expression is significantly upregulated by AR in prostate cancer and may be involved in the development of cancer. established two LNCaP clones stably overexpressing CLDN8 (CLDN8 #1 and #2) (Fig. 4a) . We first carried out cell migration assays to show that the migration of stably CLDN8-overexpressing cells is enhanced compared with control cells (Fig. 4b) . In addition, the MTS assay showed that CLDN8-overexpressing cells show a higher cell proliferation rate than control cells (Fig. 4c) . These results revealed that CLDN8 promotes cell migration and proliferation in prostate cancer cells.
Furthermore, we examined the functions of CLDN8 by silencing endogenous CLDN8 expression using siRNA. We designed two siRNAs and confirmed that both siRNAs targeting CLDN8 reduced the level of endogenous CLDN8 expression compared with that of control siRNA-transfected cells (Fig. 5a) . Cell migration assays showed that the number of invaded cells was significantly decreased in LNCaP cells treated with siCLDN8 compared to those with siControl (Fig. 5b) .
We also examined the impact on the growth ability of prostate cancer cells by inhibiting CLDN8. The MTS assay showed that knockdown of CLDN8 significantly repressed cell proliferation (Fig. 5c) . These results indicate that CLDN8 may be a new prostate cancer treatment target.
Claudin 8 regulates intracellular signal transduction and cytoskeleton stability. We further analyzed the mechanism of CLDN8 action in pro-proliferative and migration stimulatory effects. Through a PDZ-binding motif at their C-terminus, CLDNs directly bind to PDZ domain-containing peripheral membrane proteins such as ZO-1, -2, and -3. Furthermore, the C-terminals of ZO1 have a binding affinity to actin filaments to function as cross-linkers between CLDNs and F-actin. (33) We speculate that CLDN8 expression in prostate cancer is required for both the formation of tight junction and cell cytoplasmic actin formation. Therefore, we explored whether CLDN8 is involved in actin distribution or cell shape by immunofluorescence and analyzed the localization of CLDN8. To analyze the specificity of CLDN8 antibody, we overexpressed Flag-tagged CLDN8 and transfected with LNCaP cells to detect exogenous CLDN8 protein. We observed CLDN8 staining in the cell membrane with Flag and CLDN8 without non-specific staining in other cells (Fig. 6a) . We also observed weak endogenous CLDN8 protein signals in the cell membrane by CLDN8 antibody (Fig. 6b) . Flag-tagged CLDN8 could be detected by anti-Flag antibody and this band disappeared following siCLDN8 treatment, suggesting the specificity of siCLDN8 #1 and #2 (Fig. 6c) . We then analyzed cell shape by phalloidin staining, which binds to F-actin filaments. In this analysis, F-actin was stained densely, particularly in the cell surface regions of cell-cell connections. However, knockdown of CLDN8 reduced actin staining and cell-cell adhesion, suggesting the important role of CLDN8 in the formation of tight junction in prostate cancer cells. In addition, cell shape was impaired and more rounded types of cells were observed (Fig. 6d) .
Downstream signals of CLDN8 were also investigated. It is well known that activation of the CLDN family is associated with the MAPK pathway. (34) In addition, a recent study has shown reduction of CLDN5, 7, and 18 showed sustained phosphorylated Akt and promoted cell proliferation. (35) We then hypothesized that Akt or MAPK activation is the downstream target of CLDN8. We treated LNCaP cells with epidermal growth factor (EGF) and analyzed the downstream activation of Akt and ERK phosphorylations. Using Western blot analysis, we found that knockdown of CLDN8 inhibits phosphorylation of both Akt and ERK, indicating the role of CLDN8 in these downstream signaling (Fig. 6e) . Taken together, we consider that both cell shape formation by organizing actin filament and cell adhesion and intracellular signal transduction, such as Akt and MAPK, were modulated by CLDN8 upregulation with androgen treatment (Fig. 6f) .
Discussion
Our study showed that CLDN8 is an androgen-regulated gene in AR-positive prostate cancer cells. Furthermore, the present study indicated that CLDN8 has two functional AREs in an ARBS located in the promoter region, upstream of the TSS. Following DHT stimulation, AR certainly binds to this region and induces transcriptional activity of CLDN8. In the previous study of AR ChIP-seq in another cell line (PC3) transfected with exogenous AR, (27) CLDN8 was also identified as the AR direct target. The results are in line with the experimental findings obtained in LNCaP cells in our study, validating the AR-dependent regulation of CLDN8 in prostate cancer.
As the first evidence, we showed that CLDN8 functionally promotes prostate cancer cell proliferation and migration in prostate cancer cells. This result was validated by knockdown of endogenous CLDN8 in LNCaP cells and observed reduced cell growth and repressed cell migration by CLDN8 silencing. These phenomena indicated that CLDN8 could be a new therapeutic target gene because CLDN8 was dramatically upregulated in human prostate cancer tissues in several clinical cohorts, including ours. Claudin proteins are four transmembrane protein components of tight junction strands. (36) Tight junctions are mainly constituted of claudins, occludins, and junction adhesion molecules. (37) Tight junctions create barriers to some mediators, molecules, solutes, ions, and cytokines. A limitation of our study is the lack of appropriate antibodies to detect endogenous CLDN8 protein by Western blotting, although the antibody we used in immunocytochemistry could detect overexpressed Flag-CLDN8 specifically in LNCaP cells.
The members of the CLDN superfamily have been identified as CLDN1-27 in several mammals. (38) The CLDNs are reported to be aberrantly expressed in several tumors. Both CLDN3 and CLDN4 are especially overexpressed in primary human prostate cancer tissues and are associated with cell proliferation. (39) In particularly, CLDN4-targeted therapy using Clostridium perfringens enterotoxin affected antitumor formation by inducing cytotoxicity. (40) These results suggest the possibility of a new cancer therapy targeting CLDN molecules. (41, 42) Mechanistically, CLDNs have a short cytoplasmic N-terminus, two extracellular loops, and a C-terminal cytoplasmic domain, (43) forming tight junction strands and thus play a role as the backbone of the tight junction. The first extracellular loop, in which there is a wide variation in the position and number of charged amino acids depending on each CLDN, are the major determinant of the paracellular charge and size selectivity by modulating paracellular channels for selective ions between neighboring cells. (43) The C-terminal cytoplasmic tail of CLDNs is required for their stability and downstream targeting. The PDZ-binding motif at their C-terminus binds to PDZ domain-containing proteins ZO-1, -2, and -3, which link between CLDNs and F-actin. (33) In this study, we showed that CLDN8 is involved in actin filament distribution and cell shape by modulating cell adhesion. Moreover, inhibition of CLDN8 inactivated Akt and ERK1/2 phosphorylation, indicating both signals were targets of CLDN8. Thus, our findings indicate that CLDN8 modulates the intracellular phosphorylation pathway and cell shape with tight junction formation required for cell proliferation and migration. However, the precise mechanism that links Akt and CLDN8 should be investigated in the future. Interestingly, Meng et al. (26) reported that CLDN8 transcripts were significantly decreased following castration, and decreasing CLDN8 results in collapse of the tight junction barrier. Loss of the tight junction barrier leads to loss of immune privilege, and induces inflammation and autoimmune response. It is well known that inflammatory response and immune mechanisms are closely involved in cancer development and progression. This androgen-dependent barrier of tight junction systems composed by CLDN8 may maintain cellular homeostasis and cytoskeleton organization.
In summary, we identified a novel regulatory mechanism of CLDN8 by AR. Increased CLDN8 expression promoted prostate cancer cell proliferation and migration. Furthermore, siRNA targeting CLDN8 significantly decreased cell growth and migration. These results suggest that CLDN8 plays a critical role in prostate cancer progression. In addition, CLDN8 could have the efficacy to be a new therapeutic target. Further studies investigating CLDN8 molecular function would contribute to the understanding of prostate cancer biology.
